Schizophrenia has been conceptualized as a disorder of both neurodevelopment and a disorder of connectivity. One important aspect of the neurodevelopmental hypothesis is that schizophrenia is no longer thought to have discrete illness time points, but rather a long trajectory of brain changes, spanning many years, across a series of stages of the disease including the prodrome, first episode, and chronic period. As the disease progresses, there is a complex relationship between age related changes and disease related changes. Therefore, neural changes, and specifically white matter based connectivity changes, in schizophrenia may be best conceptualized based on a lifespan trajectory. In this selective review, we discuss healthy changes in white matter integrity that occur with age, as well as changes that occur across illness stages. We further propose a set of models that might explain lifespan changes in white matter integrity in schizophrenia, with the conclusion that the evidence most strongly supports a pattern of disrupted maturation during adolescence, with the potential for later changes that may be a result of disease neurotoxicity, abnormal or excessive aging effects, as well as medication, cohort or other effects. Thus, when considering white matter integrity in psychosis, it is critical to consider age in addition to other contributing factors including disease specific effects. Discovery of the factors driving healthy white matter development across the lifespan and deviations from the normal developmental trajectory may provide insights relevant to the discovery of early treatment interventions.
Introduction
For many years there has been a conceptualization of schizophrenia as a disorder of disrupted connectivity (Bleuler, 1950; Friston and Frith, 1995; Weinberger et al., 1994) . Schizophrenia is also a disorder with a known developmental component, based on its onset in late adolescence as well as the insidious pattern of gradual onset of symptoms. Interestingly, the late adolescent period associated with a heighted risk for disease onset is also associated with continuing development of the white matter (WM) which is the physical basis of the connections between brain regions (Karlsgodt et al., 2008a; Karlsgodt et al., 2012; Peters et al., 2014; Peters et al., 2012) . With the advent of magnetic resonance imaging techniques, especially diffusion tensor imaging (DTI) (Basser and Pierpaoli, 1996; Beaulieu, 2002) , in the last few decades, we have had a new ability to investigate the way that WM connections develop with age, as well as how these developmental changes might play a role in schizophrenia.
The goal of this selective review is to summarize the trajectory of WM microstructure changes not just with age but across the early stages of the illness. We first provide an introductory discussion of typical WM development, and the factors that may influence individual differences in neurodevelopmental trajectories, to establish what age related changes occur in healthy individuals. We will then break down the early phases of the illness into stages (genetic high risk, clinical high risk, and first episode), and while giving an overview of the literature on white matter during each stage, also focus on specific investigations that can elucidate the role of developmental changes. We will discuss the transition from the first episode to the chronic phase of the illness, by focusing on papers that directly compare first episode and chronic patients and/or assessed age effects across a broad age range. Finally, we will summarize this work by proposing a series of potential models for white matter development in schizophrenia, and suggesting which model currently appears to have the most supporting evidence (Figure 1 ). With this approach, we hope to provide an overview of the intersection of neurodevelopmental change, and progression of psychotic illnesses.
White matter development in adolescence 2.1 White matter changes across adolescence
On the microscopic level, normal WM development includes formation of axonal projections prenatally, elimination of axons postnatally Rakic, 1990, 1994) and myelination from birth into adulthood. Elimination of axons starts after birth and is completed well before puberty, that is, about 3 months of age in the rhesus monkey Rakic, 1990, 1994) . Myelination in humans is completed for most tracts within the first year after birth, but continues during childhood, adolescence and adulthood and follows a region-specific course ( (Benes et al., 1994; Paus, 1999; Sakuma et al., 1991; Yakovlev and Lecours, 1967) (Lenroot and Giedd, 2006) ).In the anterior commissure, for example, increases in axon diameter and myelination appear to begin before the major phase of axon elimination and is completed long after the adult number of axons is reached (LaMantia and Rakic, 1994 ). An important study that examined human myelination across the life span by direct post-mortem myelin staining found that myelination of the sensory and motor roots was completed within the first few months postnatally, of the cingulum bundle within the first year postnatally, of the cerebellar peduncles, pyramidal tracts and striatum within the first few years after birth, of the great cerebral commissures and thalamic radiations before age 10, while myelination of association areas continued well into adulthood (Yakovlev and Lecours, 1967) .
Brain imaging techniques have expanded our knowledge of human brain WM development through interrogation of the brain in vivo. Structural MRI (sMRI) across the lifespan has shown inverted U-curves of WM volume peaking at middle age, for example, frontal lobe WM volume at approximately age 44 years and temporal lobe WM volume at approximately age 47 years (Bartzokis et al., 2001) . DTI has shown that fractional anisotropy (FA), a putative measure of neural fiber coherence, axon diameter and myelination (Basser and Pierpaoli, 1996; Beaulieu, 2002) , displays age-related differences in a tractdependent manner. FA of the corticospinal tract appears to peak earliest in the early twenties, followed by the corpus callosum and then association tracts with the cingulum peaking last in the late twenties to early forties, depending on the statistical model used (Lebel et al., 2012; . Transverse relaxation rate (R 2 ), an MRI measure derived from the transverse relaxation time (T2) and more specific to myelin content than DTI, peaks in frontal WM at approximately age 32 (Bartzokis et al., 2012) . Moreover, in this study, the DTI measure radial diffusivity was more closely related to R 2 and known age-related patterns of myelination across the life span, compared to FA (Bartzokis et al., 2012) , which is consistent with animal data (Song et al., 2002 ).
An early sMRI study showed increases in WM density from childhood into late adolescence that were most pronounced in the corticospinal tract and arcuate/superior longitudinal fasciculus (SLF) (Paus, 1999) . DTI studies across adolescence found substantial increases in FA of several WM tracts, which were most consistent in the SLF (Lebel and Beaulieu, 2011; Lebel et al., 2008; Peters et al., 2012) , which, in turn, is strikingly consistent with the sMRI study by Paus et al. (Paus, 1999) . A DTI study that focused on sex differences in adolescence, found that females, compared to males, undergo earlier maturation of WM integrity (Asato et al., 2010) . Magnetization transfer imaging, another MRI modality considered specific to myelin content, showed age-related decreases in the WM magnetization transfer ratio (MTR) in male adolescents, accompanied by increases in WM volumes (Perrin et al., 2009) . In female adolescents, on the other hand, small age-related increase in WM volumes and no age-related differences in WM MTR were observed, with the exception of the frontal lobe where MTR increased ( (Perrin et al., 2009 ).
The differences in age effects observed between MR modalities, such as the differences in peak ages between WM volume, WM MTR (Perrin et al., 2009 ) and WM FA (Bartzokis et al., 2001; Bartzokis et al., 2012; Lebel et al., 2012; Peters et al., 2014; Westlye et al., 2010) , emphasize the critical issue of the underlying substrate of age-related WM differences observed with brain imaging. Myelination may not be the only driver of the observed agerelated WM differences. For example, myelination of the cingulum bundle appears completed within the first year of life as observed with direct myelin staining (Yakovlev and Lecours, 1967) , while this bundle is the last to reach peak FA values among major WM tracts (Lebel et al., 2012; Peters et al., 2014) . In fact, myelination beyond the first decade of life appears to be restricted to intra-cortical myelination according to post-mortem myelin staining (Yakovlev and Lecours, 1967) . Thus, it has been questioned whether the WM changes observed with sMRI and DTI may involve more increases in axon diameter than increases in myelination (Paus, 2010) , or perhaps a combination of both (Baumann and Pham-Dinh, 2001 ). Perrin and colleagues (Perrin et al., 2009 ) have proposed, based on their MTR findings, that adolescent WM development may involve primarily age-related increases in axon diameter in males and increased myelination in females. However, Bartzokis et al. (Bartzokis et al., 2012) did observe increases in R 2 and radial diffusivity from adolescence into the mid thirties, while they found no evidence for a sex effect, which suggests that protracted myelination occurs in both males and females into adulthood.
Genetic and molecular determinants of white matter development
Human and animal studies have provided important insights in the genetic and molecular pathways that shape WM development across adolescence. Asato et al. (Asato et al., 2010) found that WM maturation proceeded in parallel to the pubertal stages, suggesting hormonal influences on WM development. In accordance with this, MTR findings suggest that testosterone is an important driver of WM development in male adolescents and dependent on androgen receptor genotype (Perrin et al., 2008) . In addition, lipid metabolism plays a critical role in myelination. Myelin consists of 70% lipids, including glycolipids, phospholipids and cholesterol, with phospholipids and cholesterol accounting for the largest proportion of membrane lipids in mammals (Baumann and Pham-Dinh, 2001; Sastry, 1985) . Long-chain fatty acids are essential components of the phospholipid bilayers of all cell membranes including supporting oligodendrocytes, which form the myelin sheath of axons. Bourre et al. (Bourre et al., 1984) determined in rats that docosahexaenoic acid (DHA, an omega-3 long-chain polyunsaturated fatty acid [LC-PUFA]) constituted 5.8% of myelin and 5.1% of oligodendrocytes. Since the essential PUFAs must be acquired dietarily, the amount of intake is one of the factors that affects the rate of phospholipid synthesis, which in turn influences the quantity and quality of membrane phospholipids in the nervous system (Arvindakshan et al., 2003) . If these lipids are unavailable during myelin synthesis, disruptions, which can take the form of amyelination or dysmyelination, may occur (Kobayashi et al., 1997) . For instance, in rats with LC-PUFA deficiency, morphological myelin changes were found (Trapp and Bernsohn, 1978) . In addition, genetic factors impact PUFA synthesis. We recently found that a human-specific haplotype of the faty acid desaturase genes, which is associated with decreased biosynthesis of omega-3 and omega-6 long-chain fatty acids, was also associated with decreased brain white matter development from childhood to adulthood (Peters et al., in press) The findings that fatty acid intake and biosynthesis may be a limiting factor for myelination has intriguing implications for disorders with disrupted WM development. In light of the importance of LC-PUFAs to myelination, it is of interest for our review, that a substantial body of literature has implicated both LC-PUFA deficiencies as well as compromised WM integrity in the pathophysiology of schizophrenia as indicated by studies in high-risk and first-episode patients (Amminger et al., 2011; Amminger et al., 2010; Hoen et al., 2013; Peters et al., 2010) .
Genetic factors, in combination with environmental factors, influence many of these molecular drivers of brain WM maturation. Below (Section 3.1), we review the role of individual schizophrenia risk genes that have been studied thus far. This is a critical line of research, as studies that link specific genes to brain WM volume or microstructure through childhood and adolescence can produce further important clues to the molecular pathways influencing human brain WM development. By gaining a clearer understanding of the timing and nature of these molecular changes, we may be able to take advantage of this dynamic period and develop interventions for WM disorders that can capitalize on these ongoing changes. This approach would represent the first step towards the development of treatments specifically tailored to individuals in different neurodevelopmental stages.
White matter development and cognitive performance
WM changes across adolescence have been related to cognitive development in healthy individuals, which may be relevant to the early development of cognitive deficits in schizophrenia-like disorders (Bilder et al., 2006) . For example, increases in FA of the SLF have been associated with increasing working memory performance and development of language functions across adolescence (Brauer et al., 2011; Peters et al., 2012) . This same tract was correlated with working memory performance in individuals with recent-onset schizophrenia (Karlsgodt et al., 2008b) , and working memory performance and FA of the SLF showed evidence of pleiotropy, or influence by shared genes (Karlsgodt et al., 2010) . FA of the inferior fronto-occipital fasciculus was associated with global cognitive maturation by subserving maturation of processing speed from childhood to adulthood . Increases in FA of the cingulum bundle were associated with development of executive functioning and cognitive control in the transition from adolescence to adulthood (Fjell et al., 2012; Peters et al., 2014) . These data suggest that WM development across adolescence is involved in the development of higher-order cognitive functions that are critical to adaptive human behavior, which may be key to the early disease process in schizophrenia (Bilder et al., 2000; Crow, 2000) .
In summary, adolescence is a critical period for brain WM development, which may be characterized by increases in both myelin content and axon diameter. These increases appear most pronounced in the SLF during adolescence and in the cingulum bundle in the transition from adolescence to adulthood. These WM changes likely facilitate the development of higher-order cognitive functions, which are found compromised already in the early phase of schizophrenia-like disorders. Sex hormones and LC-PUFAs may play important roles in healthy WM development across adolescence and provide well-described targets for early intervention strategies, which have show promising results in the early stages of the disorder (Amminger et al., 2010; Berger et al., 2007) . If LC-PUFA intervention does impact myelination in young individuals, then it may be a reasonable first line of intervention in subjects at high-risk for psychosis and a reasonable intervention in patients presenting with first-episode psychosis, especially in those individuals affected by dysregulated myelination.
3.White matter development in schizophrenia
Schizophrenia is a developmental disorder that emerges gradually across adolescence and early adulthood. The illness can be considered to be divided into a series of stages, which generally progress with age. McGorry has proposed a 5 stage model to characterize the onset of severe mental disorders (McGorry et al., 2006) . Stage 0 consists of a non-symptomatic state in which there is increased risk for the disorder (for instance, first degree relatives before the typical age of onset). In Stage 1, mild symptoms begin to appear, usually in adolescents or young adults, however during this stage, the symptoms do not cross full diagnostic threshold; these individuals would be considered clinical high risk (CHR) and if they do progress to the full disorder this stage would be considered the prodromal phase of their illness. Stage 2 represents the first onset of a full psychotic episode and these individuals are often referred to as first episode patients. Stage 3 follows the first episode, and may include a pattern of remission and relapse. Stage 4 is the most severe, and is a persistent, debilitating illness that is associated with substantial loss of function and continued severe symptoms. There have been observations of WM changes across all five phases of schizophrenia; we will describe changes across the early stages here, in the context of the changes that are observed during healthy white matter development.
Stage 0: Genetic High-Risk
Investigations in genetic high risk individuals who carry risk genes for the disorder, but are not yet diagnosed with a psychotic disorder, can help us understand factors that contribute to disease onset. In addition, such studies also allow us to look at the effect of risk genes without the confounds of symptomatology or of medication effects. A number of studies have explored neural endophenotypes in individuals at genetic risk, including WM and connectivity changes. One approach to assessing individuals at risk is to recruit siblings, cotwins, or children of patients with schizophrenia. These individuals are thought to carry a higher than normal load of risk genes, but do not themselves have (symptoms of) the disorder. Such studies have largely shown decreases in FA and WM volume across a wide range of brain regions including the prefrontal cortex (Hao et al., 2009) , the cingulate , hippocampal regions (DeLisi et al., 2006; Hao et al., 2009) , the parietal lobe (Gogtay et al., 2012; Hoptman et al., 2008) , and uncinate fasciculus . One study did find an increase in FA in relatives, which was in the arcuate fasciculus (Boos et al., 2013) . Notably, given the above reviewed patterns of lifetime WM development, these decreases were observed whether the group of relatives was comprised of adolescents (DeLisi et al., 2006; Gogtay et al., 2012; Hao et al., 2009) or of primarily older subjects (Hoptman et al., 2008; Munoz Maniega et al., 2008) . This indicates that risk genes confer white matter changes that are apparent by adolescence and persist into adulthood. Furthermore, looking at change across age in WM volume, Gogtay et al (Gogtay et al., 2012) found that siblings of childhood onset schizophrenia (COS) patients, showed a disrupted trajectory relative to controls, indicating that risk genes may also be implicated in alterations in normal developmental patterns.
The second approach to assessing genetic high risk subjects is to investigate individual genes thought to be associated with the disorder, either in healthy or affected individuals.
One gene that has received much attention is neuregulin-1 (NRG1), which is involved in neuronal migration, axon guidance and myelination , and its receptor ERBB4. Variability NRG1 has been associated with decreased FA in medial frontal regions and both NRG1 and ERBB4 have been associated with decreased FA in the anterior limb of the internal capsule Zuliani et al., 2011) . Another gene of interest, 22q11.2 (which includes the catechol-O-metyltransferase, or COMT gene), is associated with schizophrenia because 22q11.2 deletion syndrome (velocardio-facial syndrome or DiGeorge syndrome), is associated with high rates of schizophrenia (Murphy, 2002) . WM investigations in 22q patients have revealed decreased FA in fronto-temporal (Ottet et al., 2013) and parietal regions. Ottet et al studied adolescent patients, while Kikinis investigated patients in middle adulthood; the similarity of the direction of the finding even at different phases of development again provides evidence, like that in the family studies, that these genetically induced changes are observable at least to some extent, across different stages of the lifespan. To complement these findings, one study in healthy children aged 9 to 15 years found that the COMT gene, a major enzyme responsible for dopamine degradation in prefrontal brain, was significantly associated with frontal WM FA (Thomason et al., 2010) , which suggests a role for dopamine in WM development. Further studies are needed to examine the effects of specific genes on human WM development across adolescence. In healthy adult individuals, WM FA has been associated with the schizophrenia risk genes microRNA-137 (Lett et al., 2013) and DISC1 (Sprooten et al., 2011) , and schizophrenia-related oligodendrocyte gene variants . Finally, zinc finger protein 804A (ZNF804A) has been investigated as related to WM. Studies in healthy individuals have shown an effect of the risk allele on WM volume (Lencz et al., 2010) and WM microstructure as measured with FA in a study including both younger and older adults . However, other studies have had negative results (Sprooten et al., 2012; Voineskos et al., 2011) In an adult sample that included both healthy individuals and schizophrenia patients, there was an interaction such that patients with the T/T risk genotype showed greater FA deficits than controls, and than other patients, in the parietal, temporal, and cingulate cortices (Kuswanto et al., 2012) . This finding is important, as it may indicate that the effects of risk genes are different in healthy individuals than in patients, where they are acting in concert with other risk factors.
Stage 1: Clinical High-Risk
Stage 1 of the illness is the prodromal phase, in which there is an insidious decline into fullblown schizophrenia over the course of a several years (Cornblatt et al., 2002; Cornblatt et al., 2003; Yung and McGorry, 1996) . Individuals believed to be in this phase, those at clinical high risk (CHR), are typically identified based on a combination of factors, which can include either the presence of sub-threshold psychotic symptoms, brief psychotic symptoms (with spontaneous remission within one week), or a gradual decline in functioning together with a genetic risk (Woods et al., 2009 ). The strength of these studies lies in the potential to assess the same individual before, during, and after onset, which offers the opportunity to fully characterize the factors contributing to or associated with transition to psychosis. These studies have an advantage related to genetic high risk studies, in that the participants are more likely to advance to a disease state, as they are already exhibiting symptoms, although in turn, the presence of symptoms often necessitates medication, which is a confound that does not occur in genetic high risk studies. While they have the potential to be highly informative, CHR studies are methodologically challenging, as the symptoms exhibited during this phase of the illness are highly variable, and once identified, only a portion of recruited individuals will progress to a diagnosis of a psychotic disorder.
There are still relatively few DTI studies in CHR individuals. Some studies focused on baseline comparisons between CHR groups and typically developing control groups, while others track patients longitudinally in an attempt to capture conversion. Baseline comparisons have yielded findings of decreased FA in CHR subjects. A study of children aged 11-13 who were experiencing sub-threshold psychotic-like symptoms (Jacobson et al., 2010) found decreased FA in the high-risk group along the inferior fronto-occipital fasciculus within the visual cortex, along the parahippocampal cingulum and along the inferior longitudinal fasciculus. This study was the first to identify WM deficits in a nontreatment seeking sample of at-risk children and gives rise to the notion that these subtle microstructural differences in WM integrity may be apparent not only in the risk state but are identifiable at a younger age than previously suspected. Peters et al (Peters et al., 2008) found decreases in superior and middle frontal lobe regions in CHR patients with subthreshold psychotic symptoms. Finally, Karlsgodt et al (Karlsgodt et al., 2009) found lower baseline WM FA in CHR subjects in the SLF compared to healthy controls, and Clemm von Hohenberg (Clemm von Hohenberg et al., 2013) recently showed increased MD, consistent with decreased WM integrity, in the SLF, corona radiata, and corpus callosum. However, interpretation of baseline CHR analysis is complicated by the fact that a significant portion of subjects will experience either a continuation of low level sub threshold symptoms or else a resolution of their symptoms (Woods et al., 2009 ). Therefore, a number of studies have focused on longer term assessments, either predicting clinical or functional outcome based on baseline data, or using longitudinal MRI paradigms to assess individuals at multiple time points. Lower baseline FA of medial temporal lobe WM was predictive of lower functional outcome at 16 months follow up (Karlsgodt et al., 2009) . Additionally the CHR group failed to show the normal age-related increase in medial temporal lobe FA, consistent with the hypothesis of a disrupted developmental trajectory (Karlsgodt et al., 2009 ).In the first DTI study to examine conversion to psychosis Peters et al (Power et al., 2010) compared baseline FA along a priori selected WM tracts in CHR subjects who converted to psychosis and those who did not (Power et al., 2010) . In this study they did not find any baseline differences between the CHR groups and the healthy subjects or between the converters and nonconverters. Bloemen and colleagues (Bloemen et al., 2010 ) investigated whole-brain FA maps for high-risk individuals who later converted to psychosis compared to those who did not. They found reduced FA in the converters, compared to the controls, in medial frontal WM approximate to the left anterior thalamic radiation and along the inferior frontooccipital fasciculus. They also found reduced FA approximate to the SLF and inferior longitudinal fasciculus in the superior temporal WM and inferior fronto-occipital fasciculus in high-risk individuals who converted compared to those who did not. Finally, Carletti (Carletti et al., 2012) found baseline decreases relative to controls in a parietal region that likely included the SLF, the corpus callosum, and the inferior fronto-occipital fasciculus. While in this case baseline FA did not predict conversion, there was an interaction such that those who did not convert showed a normal developmental increase in FA in left frontal WM including the anterior limb of the internal capsule, corpus callosum, frontal occipital fasciculus, while converters did not show an increased and actually showed a decrease.
In summary, the use of DTI for the study of individuals at genetic and clinical risk for schizophrenia is still in a relatively early stage and thus interpretations of this complex literature are somewhat limited. Taken together, the existing data indicate that in both genetic and clinical risk groups there is evidence for decreased WM integrity that is observable not just in adulthood, but as early as adolescence. Family studies support the impact of genetics on WM, and the search for individual genes that may drive this effect have produced valuable associations with several schizophrenia risk genes. CHR studies have shown decreased FA at baseline in a broad group of at risk individuals, however the most intriguing possibility, the prediction of conversion psychosis, is an area that still has mixed findings and a limited number of studies. This may be due to the diagnostic heterogeneity of CHR samples, differences in the stage of the prodrome at which individuals are recruited, medication differences between samples and diagnostic groups, age differences in samples, and differences in the definition of the prodrome and the definition of conversion. The use of DTI for prediction is an area in need of increased investigation.
Interestingly, across genetic and clinical risk groups, there was evidence for an impact of risk factors on developmental trajectories (Addington et al., 2007; Carletti et al., 2012; Gogtay et al., 2012; Karlsgodt et al., 2009 ). This may indicate that it would be possible to get more traction on the issue of how clinical and genetic risk factors impact WM if there were increased attention to the interaction of these risk factors with not just group differences, but with developmental trajectories.
Stage 2: First Episode Schizophrenia

White matter findings in patients with a first psychotic episode-Finally,
Stage 2 represents the first full blown psychotic episode, subjects assessed during approximately the first two years after the first break are often referred to as first episode or recent onset patients. The strength of studies in this population are that the patients have the full disorder, without any potential effects of chronic antipsychotic treatment (Keshavan et al., 1998) . DTI studies have produced evidence for WM abnormalities in first-episode patients Douaud et al., 2009; Luck et al., 2011; Peters et al., 2010; Rathi et al., 2011; Wang et al., 2011) and chronic patients , though findings are less consistent in the first-episode group. A significant portion of studies have shown no differences between first-episode patients and healthy individuals (Kong et al., 2011; Mulert and Scarr, 2012; Peters et al., 2010) , while whole brain voxel-based analyses tend to produce positive findings and fiber tracking or region-of-interest analyses more often indicate no abnormalities (Collinson et al., 2014; Kong et al., 2011; Peters et al., 2010) . One factor that might contribute to the conflicting results is variability in medication status and symptom history, even in those individuals relatively early in the illness. With increases in identification of early stage and prodromal individuals, there is also a subsequent increase in medication use, and not a great deal of data regarding how these medications may impact WM. Furthermore, medication use is often deeply confounded with disease severity, with those who have a more severe course often receiving higher doses of antipsychotics. Thus, WM differences in individuals receiving antipsychotics at higher dose and/or for a longer duration may be due either directly to the medication, or to an underlying neural difference related to their more severe course of disease. Therefore, studies in antipsychotic drug-naive first-episode patients are of particular interest, showing FA reductions not attributable to antipsychotic medication (Cheung et al., 2008; Cheung et al., 2011; Gasparotti et al., 2009; Mandl et al., 2013; Zou et al., 2008) . Data on the relationship between DTI measures and clinical variables are still limited, but it is interesting that positive correlations were found between FA and positive symptoms Szeszko et al., 2008) , which confirm findings in chronic patients (Hubl et al., 2004; Seok et al., 2007; Shergill et al., 2007) . In addition, negative symptoms have been associated with FA of WM approximate to the uncinate fasciculus (Szeszko et al., 2008) . Cognitive deficits have also been investigated in patients as related to FA. Verbal learning/memory was correlated with FA approximate to the uncinate (Szeszko et al, 2008) , working memory correlated with FA of the SLF (Karlsgodt et al., 2008) , IQ with fronto-parietal WM FA (Wang et al., 2013) , and psychomotor and executive dysfunctioning with several WM regions including the cortico-cortical, corticosubcortical and cortico-spinal/pontine fasciculi (Perez-Iglesias et al., 2010) . Few DTI studies have provided insight in the pathophysiology of these WM abnormalities (other than genetic factors). A novel application of MR-DTI ('free-water imaging') showed increases in extracellular volume in first-episode patients, which may indicate neuroinflammation as a prominent process affecting WM integrity (Pasternak et al., 2012) . LC-PUFA concentrations in erythrocyte membranes have shown strong positive correlations with WM FA in firstepisode psychosis patients (Peters et al., 2009; Peters et al., 2013) , which may suggest that LC-PUFAs deficiencies are causally related to WM deficits observed at illness onset.
3.3.2 Progressive development of white matter abnormalities after onset of the first psychotic episode-Developmental change in WM across illness stages is complex and interpretation of existing data can be difficult due to the challenges of disentangling normal developmental patterns, disease specific patterns, individual differences in symptom severity and effects of medication or chronicity. Here we propose three feasible scenarios for the timing and progression of DTI abnormalities (see Figure 1) . First, it has been hypothesized that FA abnormalities after the onset of schizophrenia may result from illness-related, possibly neurotoxic effects that take place around onset of the first psychotic symptoms. In this model, early development is intact, with the WM changes occurring at onset, and continuing as the disease progresses. Secondly, FA abnormalities may represent an aberrant developmental trajectory, in which patients fail to show the normal WM increases that occur in healthy individuals during adolescence, resulting in lower WM integrity and volume that persist, but do not progress, beyond onset. Finally, the possibility of an early developmental difference does not preclude the presence of later changes due to either abnormal or accelerated aging trajectories, disease toxicity, or treatment effects. There may be a combination of early developmental changes with later life changes.
Structural MRI and DTI in adolescent-onset patients and adult-onset patients showed greater severity of WM abnormalities in the adolescent patients, which seemed to arise because adolescent patients showed delayed and altered maturation of WM compared to healthy controls (Douaud et al., 2009) . Interestingly, some abnormalities specific to adolescent-onset schizophrenia were less marked or even disappeared during the longitudinal follow-up (>2 years) (Douaud et al., 2009) . Similarly, sMRI in childhood-onset schizophrenia (COS) patients and healthy children showed slower local WM growth rates over a 5-year period in COS patients than healthy controls (Gogtay et al., 2012) . Siblings of these COS patients aged 7 to 14 years also displayed slower WM growth rates than age-matched healthy controls in the left parietal WM, which was not detectable at older ages, implying that early WM growth deficits may normalize with age in individuals with genetic risk who do not develop the illness. It cannot yet be known whether this difference is because the unaffected and affected siblings did not share genes related to disrupted WM development during later adolescence, or whether disease related effects resulted in continued developmental changes in COS patients and not their unaffected siblings. Furthermore, genetic analyses in COS patients have shown that carriers of a neuregulin-1 risk allele had a steeper rate of decline in WM volume during adolescence, compared to patients without the risk allele (Addington et al., 2007) . Studies comparing adolescent and chronic patients identified effects of age of onset, and suggest that prefrontal FA deficits develop when illness onset occurs at a later age (Kyriakopoulos et al., 2009; Schneiderman et al., 2009) .
Only a few studies have directly compared first episode patients with multi-episode/ chronic patients. In these cross-sectional studies, it was found that WM deficits in first-episode patients were either absent or less severe than in the multi-episode patients (Collinson et al., 2014; Friedman et al., 2008; Kong et al., 2011) . Several studies have found greater FA decline with increasing age in schizophrenia patients, compared to healthy controls, from young-adulthood to late adulthood (reviewed by Peters et al. (Peters et al., 2010) ), which would be consistent with the model that includes decline after illness onset (i.e. the first psychotic episode), described above. In addition, Mitelman et al. (Mitelman et al., 2009) found that poor-outcome patients had lower baseline anisotropy but tended to show less decline than good-outcome patients, suggesting that the most significant FA decreases in poor-outcome patients occur in an earlier stage of the illness. Young-adult first-episode patients with poor response to treatment at 3 to 6-month follow-up had lower FA, compared to patients with a good response and healthy controls (Luck et al., 2011; Reis Marques et al., 2014) . Lastly, duration of illness was not related to FA in two samples of adult patients with recent-onset of illness (Kanaan et al., 2009a; Kanaan et al., 2009b; Mandl et al., 2008) , but a meta-analysis of first episode and multi-episode studies showed that longer duration of illness was associated with more severe WM abnormalities (Bora et al., 2011) . However, these crosssectional studies are hindered by possible cohort effects, that is, differences between first-episode and multi-episode patients may not reflect disease progression but rather selection bias of poor prognosis patients, especially since multi-episode patients in these studies included patients from institutional long-term care settings.
Recent longitudinal studies in first-episode patients have provided valuable data on progressive WM changes over at least the short-term, early course of the illness. Longitudinal analysis in first-episode patients after 12 weeks showed an increase in FA in both responders and non-responders, which correlated positively with antipsychotic exposure (Reis Marques et al., 2014) . A limitation of this study is that treatment was not standardized and likely comprised a mix of different antipsychotics, making it difficult to hypothesize on the specific mechanism that may account for the observed effects. However, this may also point to a reason why different first episode samples may show different degrees of WM deficits. In a double-blind, randomized trial comparing risperidone to aripiprazole, first-episode patients showed significant FA decreases over 12 week follow-up, which concurs with another 6 week follow-up study (Wang et al., 2013) . Moreover, this decrease correlated with increases in serum LDL and cholesterol , which suggests that metabolic side-effects may compromise WM integrity. In accordance with this, a large cohort of first-episode patients showed progressive decrement in white matter volume during follow-up of on average 7.2 years, which was most evident among patients who received more antipsychotic treatment (Ho et al., 2011) .
In summary, these findings in first-episode patients support an overall pattern of disrupted WM development especially if the illness onset occurs in childhood or adolescence, and more severe and extensive abnormalities in chronic patients than in first-episode patients, especially in those patients with a poorer prognosis. While we do not yet know the cause of these later changes, they may be related to abnormal or excessive aging effects, illnessrelated neurotoxic effects, or antipsychotic medication, but possibly also cohort effects. Thus, at this time, the evidence is consistent with the "neurodevelopment with later decline" model, described above.
Conclusions
Adolescence is a critical period for development of brain WM, particularly of the long association tracts which are known to be disrupted in complex psychiatric disorders such as schizophrenia. Furthermore, these WM tracts support development of complex cognitive functions, which are compromised even in the early stages of psychosis. A number of factors may impact the trajectory of healthy WM development, including genetic factors, sex hormones and LC-PUFA levels. Importantly, our growing understanding of the role of these factors in healthy development may ultimately lead to new targets for early intervention strategies. One key area of focus is on understanding how such interventions might be used in prevention of the illness. One very intriguing possibility is the eventual use of DTI measures to predict the conversion to psychosis, however, the DTI literature in individuals at genetic or clinical risk for schizophrenia is in a relatively early stage. Nevertheless, the existing evidence does support the hypothesis that in both clinical and genetic risk groups WM integrity is decreased even as early as adolescence. Moreover, in both risk groups, there is also evidence for an alteration in developmental trajectories, highlighting the possibility that interventions that can be targeted at specific developmental phases might be particularly powerful. In individuals who have experienced full onset of the disorder but are in the early stages (first-episode patients), the findings support an overall pattern of disrupted WM development which is particularly pronounced if the illness onset occurs in childhood or adolescence. Investigations using never-medicated first-episode patients have made a particularly strong contribution to our understanding of the changes that occur during this phase of the illness. Chronic patients do appear to exhibit more severe and extensive abnormalities in than first-episode patients, especially in those patients with a poorer prognosis, which may involve excessive aging effects, as well as neurotoxic effects, however these effects are very difficult to disentangle from medication or cohort effects.
We have proposed here a series of models that may describe the lifetime developmental trajectory of WM change in individuals with schizophrenia ( Figure 1 ). These include (1) a pattern of normal early development with WM deficits arising only after disease onset presumably due to some neurotoxic effect of psychosis, (2) a pattern of disrupted development specific to adolescence with a stable trajectory in subsequent periods, and (3) a pattern of early developmental change with the addition of later decline either due to an accelerated aging process (a disruption in the late development trajectory) or due to disease chronicity and medication effects. Overall, the current evidence seems most in support of the final model, combining early and late differences. The early component of the model is supported by data showing disrupted trajectories in risk groups with the later component supported by data showing that chronic patients may have more severe WM deficits than early episode patients. This model by definition represents an average group of patients, and there are very likely to be substantial individual differences depending on genetic background, environmental factors, illness severity, and other factors, all of which should be further investigated.
In general, the investigation of disease related neural changes against the background of ongoing neurodevelopment, is a relatively new approach to understanding neural differences in patient populations. This approach may yield valuable insights, but it is in great need of further research. One potential area of research is in developmentally targeted treatments. For instance, animal and human data suggest that LC-PUFAs may play an important role in WM development. However, the results of treatment trials administrating PUFAs have been inconclusive and it is not clear what other underlying factors might affect their efficacy. For instance, it is possible they are only effective during developmental periods when myelination is occurring, which targeted studies are needed to investigate further. Relatedly, large-scale human imaging data are urgently needed to examine the genetic-molecular underpinnings of WM trajectories across adolescence. This area of work is important in part because differences in gene expression, and the downstream effects of those genes across the lifetime may have an important impact on not only imaging phenotypes but also potential treatment targets that may exist during specific developmental windows. The prediction of conversion to psychosis in individuals at high risk is an area that still has mixed findings and limited data. Increased focus should be given to the interaction of clinical and genetic-molecular risk factors with developmental WM trajectories in high risk individuals. Long-term longitudinal studies are needed to provide further insight in the WM trajectories and their determinants across the different stages of the illness, with specific attention for the effects of antipsychotic medication and prognosis. In general, intervention strategies aiming to halt or even reverse progression of WM abnormalities across all illness stages are ultimately needed. However, first we must understand the difference between the molecular and genetic bases of changes occurring in the early and late stages, as this will allow the development of new, developmentally appropriate, age-targeted intervention strategies.
